some tumors following treatment with chemotherapeutic agents, and may be the major cell death pathway in p53 mutant cells. However, the molecular mechanism of this alternative cell death process is not understood.
. In acterize the types of DNA lesions that trigger mitosisspecific centrosome inactivation and mitotic failures, contrast to VM26, camptothecin and etoposide, ICRF193 did not trigger centrosome inactivation or miwe directly assayed spindle assembly and microtubule nucleation in embryos treated with another DNA replicatotic delays. However, the chromosomes failed to segregate and the resulting abnormal nuclei dropped into the tion inhibitor and a variety of DNA damaging agents (Table 1) . For these studies, pharmacological agents interior of the embryo, leaving the centrosomes behind (see below). were coinjected with rhodamine-conjugated tubulin and time-lapse confocal microscopy was used to directly These observations indicate that defects in chromosome condensation due to inhibition of topoisomerase assay centrosome activity and spindle assembly.
Aphidicolin inhibits replication by directly interacting are insufficient to trigger centrosome inactivation or mitotic delays (Yu et al., 2000) . Instead, we speculated that with DNA polymerase ␣, and embryos treated with this agent show mitosis-specific centrosome inactivation the DNA damage produced by topoisomerase inhibitors triggered centrosome inactivation and subsequent mi- (Sibon et al., 2000) . To determine if this is a secondary response to aphidicolin or a consequence of the replicatotic defects. To further test this possibility, we assayed microtubule organization following injection of bleomytion block, we injected embryos with the DNA replication inhibitor hydroxyurea (HU), which disrupts synthesis of cin, an X-ray mimetic drug that produces DNA doublestrand breaks (Kross et al., 1982) . This agent produced deoxyribonucleotides. HU, like aphidicolin, did not visibly alter centrosome function through interphase, but a particularly strong and consistent centrosome inactivation response, with 100% of injected embryos showconsistently led to mitosis-specific defects in centrosome function and anastral spindles assembled (data ing mitosis-specific centrosome defects. Typically, centrosomes associated with all of the nuclei in the field not shown). As observed with aphidicolin, mitosis was prolonged, anaphase chromosome segregation failed, of view show these defects, and essentially all of the defective nuclei produced by division failure are lost and centrosome function was restored during late anaphase and telophase (Supplemental Movies S1-S11, from the cortex (Figures 4Aa-4Ac ; Supplemental Movies available at above URL). We also injected embryos with available at http://www.cell.com/cgi/content/full/113/1/ 87/DC1). These observations support the conclusion restriction-digested, intact circular, or single-stranded DNA (Figure 1 ). For these studies, we used purified that incomplete DNA replication at the onset of mitosis triggers centrosome inactivation and division failures. (Table 1) . Furthermore, the majority of nuclei are lost from the cortical monolayer during the next mitosis (Figure 1h ). RD φX174 induced centrosome defects in 100% of injected embryos, and following division failure, leaving the centrosomes behind (Supplemental Movies). We also injected embryos 90% of these embryos showed inactivation over a large area around the injection site. Single-stranded DNA (ss with the topoisomerase II inhibitor ICRF193, which does not directly cause DNA double-strand breaks during in-φX174) was somewhat less effective than RD φX174, indicate the percentage of embryos in which centrosomes associated with more than 10 nuclei were affected. Typically, the observed field contains 60-100 nuclei. In embryos included in the dark gray bar, centrosomes associated with 50%-80% of the nuclei in the field showed mitosis-specific centrosome defects. None of the embryos injected with supercoil φX174 showed wide-spread centrosome inactivation. (n ϭ 10 for supercoil φX174, n ϭ 10 for RD φX174, and n ϭ 11 for SS φX174 injection).
with 73% of embryos showing defect and 55% showing In the remaining 20% of injected embryos, less than 10 nuclei around the injection site showed centrosome strong centrosome inactivation over large area around the injection site (Figure 1i ). By contrast, 80% of the defects. These observations suggest that DNA breaks directly trigger mitosis-specific centrosome inactiembryos injected with intact double-stranded φX174 DNA (supercoil φX174) showed no centrosome defects.
vation. (Figures 2c and 2d) . Strikingly, adjacent defects observed in grp mutant embryos, we used timenuclei proceeded through normal astral mitotic divisions lapse confocal microscopy to directly assay centrosome and completed chromosome segregation (Figure 2d) . function in embryos derived from females homozygous The inactivating signal thus appears to be restricted to for null mutations in grp, mnk, or both mnk and grp. Figure 3f ). In mnk,grp double defects or led to anastral spindle assembly in embryos derived from mnk mutant females (Table 1) . mutant embryos, however, wild-type levels of ␥-tubulin remain at the centrosomes during all of the syncytial To extend these in vivo observations, we assayed ␥TuRC localization following DNA damage. Wild-type mitotic divisions (Figure 3h ). Because the spontaneous centrosome defects in grp mutants correlate with a failembryos treated with DNA damaging agent camptothecin show mitosis-specific loss of ␥-tubulin from the ure to delay the onset of mitosis as S phase length increases, the mnk mutation could suppress centrosome centrosomes and increased labeling over the anastral central spindle microtubules (Figure 5a ). Note that this inactivation in grp mutants by delaying mitosis and thus allowing time to complete DNA replication. However, response is observed in both the syncytial embryo and the pole cells, which are germline precursors and the direct analysis of cell cycle length in mnk,grp double mutants demonstrate that interphase length is somefirst true cells to form during embryogenesis (Figures 5a, 5d, and 5e). Centrosome inactivation, therefore, is what shorter than in grp single mutants. DmChk2, which is the product of the mnk gene, thus appears to be not restricted to the syncytial divisions. In mnk embryos, camptothecin had no effect on ␥-tubulin localization, essential to centrosome inactivation in grp mutants.
To determine if DmChk2 mediates the mitotic rewhich accumulated at centrosomes in both the syncytium (Figure 5b ) and pole cells (Figures 5f and 5g) . Howsponse to DNA damage, mnk mutant embryos were injected with DNA damaging agents and rhodamineever, in mnk mutants carrying a wild-type mnk transgene, camptothecin induced wild-type loss of ␥-tubulin conjugated tubulin, and centrosome function was directly assayed by time-lapse confocal microscopy. localization in both the syncytium (Figure 5c ) and pole cells (Figures 5h and 5i ). Based on these observations Bleomycin consistently induces dramatic centrosome defects in wild-type embryos (Figures 4a-4c) . Remarkand the in vivo studies described above, we conclude that DmChk2 is essential to centrosome inactivation in ably, this potent DNA damaging agent had no visible effect on centrosome function or astral spindle assemresponse to replication defects and a wide range of genotoxic lesions. bly in any of the mnk mutant embryos examined (Figures  4d-4f To determine if the mnk mutation suppresses anacentrosome inactivation during mitosis. To determine if DmChk2 is required for nuclear loss under these condiphase defects associated with DNA damage, wild-type and mnk mutant embryos were injected with bleomycin, tions, mnk mutants were injected with ICRF-193 and mitosis was directly examined (Figures 6d-6f) . In the the DNA dye oli-green and rhodamine-tubulin ( Figure  4B ). In control embryos injected with bleomycin, the mnk mutants, as in wild-type, a cytologically normal spindle formed, but chromosome segregation failed. In chromosomes condense at mitosis, but they do not form a tight mass at the metaphase plate and show very contrast to wild-type, however, the defective nuclear products were always retained in the cortical monolayer limited anaphase movement before decondensing on mitotic exit (Figures 4Ba-4Bd) . In mnk mutant embryos, (Figure 6e ). During interphase, the centrosomes duplicated and tetra-polar spindles are thus formed as the by contrast, the mitotic chromosomes form a compact mass on morphologically normal spindles. In addition, embryo progresses into the next mitosis (Figure 6f ). In embryos derived from females mutant for mnk that also the spindles show normal anaphase elongation. However, the chromosomes are dramatically stretched becarried a wild-type copy of the mnk gene, ICRF-193 leads to nuclear loss following division failure (Figures tween the spindle poles and often do not fully resolve, producing grossly abnormal daughter nuclei joined by 6g-6i). DmChk2 is therefore essential to nuclear loss following division failure, and this response is indepenbridges that persist into interphase (Figures 4Be-4Bh) . The mnk mutation thus suppresses DNA damage indent of DmChk2-mediated centrosome inactivation. duced defects in spindle function that would otherwise block segregation of damaged chromosomes during DmChk2 Localizes to Centrosomes and Spindle Microtubules anaphase.
In wild-type embryos, the nuclei produced by DNA Given the effects of mnk mutations on centrosome inactivation, the distribution of this protein during mitosis damage-induced division failures consistently drop into the interior of the embryo, while the centrosomes remain was of particular interest. In embryos fixed directly in methanol, DmChk2 localizes weakly to centrosomes and at the cortex (Figure 1g; Figure 4Ac) . In mnk mutants, by contrast, nuclei invariably remain in the cortical spindle microtubules (Figures 7Aa-7Ad) . To induce DNA damage, embryos were incubated in a two-phase mixmonolayer following DNA damage (Figure 4Af ). These observations suggest that loss of nuclei after failed diviture of octane and Drosophila cell culture media with or without camptothecin, and then fixed in methanol sions in wild-type could be secondary to the loss of and labeled. In embryos pretreated with octane/culture crease somewhat following camptothecin treatment ( Figure 7B ), although the change is not dramatic and medium without camptothecin, we observed DmChk2 localization to interphase nuclei, and an increase in lawe have not quantified the increase. DmChk2 levels in the mnk-rescued stocks are also somewhat higher than beling of mitotic centrosomes and spindle microtubules (data not shown). These embryos also frequently show controls ( Figure 7B ), indicating that the mnk transgene leads to modest overproduction of DmChk2. Interestanaphase chromosome bridges, suggesting that the octane treatment alone induces DNA damage (data not ingly, the mnk-rescued embryos appear to be more sensitive to DNA damage than wild-type controls, although shown). Embryos treated with octane/culture medium with camptothecin show a striking increase in DmChk2 this has proved difficult to quantify. We also examined DmChk2 localization in grp mutant localization to mitotic centrosomes and central spindle, and increased cytoplasmic labeling (Figures 7g and 7h) .
embryos. During the later syncytial divisions, DmChk2 localizes to interphase nuclei and at low levels to centro-DNA damaging agents also increased interphase nuclear accumulation of DmChk2 (Figures 7e and 7f) , consomes (Figures 7k and 7l) , and during mitosis, DmChk2 localizes to centrosomes and over the spindle (Figures sistent with the function of this kinase in the interphase DNA damage response. Only background signal is ob7i and 7j). During mitosis 13, when very little ␥-tubulin remains associated with mitotic centrosomes, DmChk2 served in control or camptothecin treated mnk mutant embryos, demonstrating that the signal is specific (Figis found in tiny dots that may be the core structures that retain CP60, CP190, and Centrosomin following centroures 7o and 7p; data not shown), DmChk2 thus localizes to centrosomes and spindle microtubules, and the level some inactivation (Figures 7m and 7n) (Sibon et al., 2000) . In grp mutants, DmChk2 localization to the cenof protein at these structures increases with DNA damage.
trosomes is more pronounced than in wild-type controls, even before obvious centrosome or spindle assembly Western blots suggest that total DmChk2 levels in- in (a, c, e, g, i, k, m, and o) defects are observed (Figure 7j) . Therefore, increased digested DNA (Table 1) . Direct analysis of chromosome behavior also demonstrates that the mnk mutation supkinase localization to the centrosome alone is not sufficient to trigger this response. However, DmChk2 is espresses the defects in anaphase chromosome movement associated with this DNA damage response (Figsential to centrosome inactivation and DNA damage and replication checkpoint defects increase DmChk2 localure 4B). For example, in wild-type embryos treated with the DNA damaging drug bleomycin, almost all anaphase ization to centrosomes and spindle microtubules. These observations suggest that the activated kinase may dimovement is blocked and the damaged chromosomes simply decondense on mitotic exit, forming a single nurectly modify components of the chromosome segregation machinery.
cleus. In mnk mutants, by contrast, bleomycin does not visibly alter spindle morphology and the damaged chromosomes show extensive anaphase movement and are Discussion often stretched between the spindle poles, producing daughter nuclei that remain linked by chromatin bridges In a wide range of systems, including mammalian tumor cells, cell cycle checkpoint failures that allow progres-( Figure 4B ). Significantly, failed division in wild-type is invariably sion into mitosis in the presence of DNA damage or incomplete DNA replication lead to "mitotic catastrofollowed by loss of defective nuclei from the cortex, while defective nuclei are always retained at the cortex phe," which is characterized by failed mitosis and cell death through a process that appears to be distinct in mnk mutants. In wild-type embryos, the topoisomerase II inhibitor ICRF-193 does not directly induce DNA from apoptosis (reviewed by Roninson et al., 2001) . In syncytial Drosophila embryos, checkpoint mutations damage during interphase and does not trigger centrosome defects or anastral spindle assembly during metaalso lead to failed mitotic divisions. These mitotic failures are associated with specific defects in centrosome phase. Nonetheless, ICRF-193 blocks mitotic chromosome condensation and segregation in cultured cells composition and function that lead to anastral mitotic spindle assembly, mitotic delays, and anaphase chroand Drosophila embryos (Ishida et al., 1994; data not shown). In Drosophila embryos, the resulting abnormal mosome segregation failures (Sibon et al., 2000) . Essentially identical defects are observed when wild-type emnuclei invariably drop into the interior of the embryo, leaving the centrosomes at the cortex (Figure 6 ). Nuclear bryos are forced to initiate mitosis in the presence of DNA damage or incomplete replication, indicating that loss following division failure is therefore independent of the centrosome inactivation, and does not appear to centrosome inactivation/mitotic failure is a normal mitosis-specific response to genotoxic lesions. Following be a secondary consequence of earlier defects in spindle function. The mnk null mutation completely supdivision failure, the defective nuclei drop into the interior of the embryo, while centrosomes remain associated presses nuclear loss following ICRF-193 treatment (Figure 6 ), indicating that DmChk2 is required for this with the cortex. Only nuclei present at the cortex following the final syncytial division are incorporated into the response. Recently, it has also been shown that ICRF-193 causes DNA double-strand breaks during mitosis blastoderm. As a result, this DNA damage response prevents transmission of defective nuclei to the embry-(Mikhailov et al., 2002). DmChk2-dependent nuclear loss could therefore be a response to DNA damage during onic precursor pool.
DmChk2 has an essential and apparently non-redunmitosis. Based on these observations, we propose that dant function in this mitotic response to genotoxic stress. A null mutation in the mnk gene, which encodes DmChk2 functions at two points during the early embryonic response to genotoxic stress (Figure 8 ). At the onset DmChk2, prevents spontaneous centrosome inactivation in checkpoint defective grp mutants (Figure 3) (Raff and Glover, 1989) , this zation and spindle function in response to replication DmChk2-dpendent response to DNA damage leads to defects and DNA damage. loss of nuclei from the cortical monolayer. As outlined By coupling centrosome function and spindle assemabove, only cortical nuclei are incorporated into the cells bly to genome integrity, the DmChk2-dependent paththat will form the blastoderm embryo. The two-step way described here maintains genome stability by DmChk2-dependent response to genotoxic stress thus blocking the propagation of mutant or aneuploid nuclei blocks propagation of abnormal nuclei and prevents and preventing their transmission to the embryonic pretheir transmission to the embryo proper (Figure 8) .
cursor pool. This response is therefore functionally simiIn Drosophila larvae and other systems, Chk2 appears lar to apoptosis, although the process is initiated in to function upstream of p53 during DNA damage inmitosis rather than interphase. Mutations in human Chk2 duced apoptosis ( in press. Following incubation for the indicated times, embryos were fixed in Ishida, R., Sato, M., Narita, T., Utsumi, K.R., Nishimoto, T., Morita, methanol (Theurkauf, 1994) and labeled for DmChk2 using a poly-T., Nagata, H., and Andoh, T. ( 
